Ovarian hormones regulate the transcriptome of the hippocampus and modulate its functions. During menopause this complex signaling declines, leading to impaired learning and memory. This study was undertaken to clarify the effects of long-term, surgical ovariectomy (OVX) on the rat hippocampal transcriptome. At age of 13 months, intact control and ovariectomized groups were formed. All animals were killed 5 weeks after gonadectomy; hippocampal formations were dissected and processed for transcriptome analysis. Microarray and polymerase chain reaction studies identified 252 and 61 genes, respectively, whose expression was altered in the lack of ovarian hormones. Pathway analysis revealed impact on neuroactive ligand-receptor interaction, endocannabinoid, and estrogen signaling, among others. Network and interaction analyses of proteins encoded by OVX-regulated genes revealed upregulation of growth/troph/transcription factor signaling assembly (Mdk, Fgf1, Igf2, Ngf, Ngfr, Ntf3, Ntrk1, Otx2, Hif1a, Esr1, Nr4a3), peptides/ peptide receptors (Cartpt, Kl, Ttr, Gnrhr), neurotransmission (Grm1, Gria4, Gls, Slc18a2, Kcnj6), and genes serving immune functions (C3, Ccl2, Itgam, Il1b). Downregulated clusters included neuropeptides and their receptors (Adcyap1, Cbln2, Cck, Cckbr, Crhr1 and 2, Oprd1, Nts, Penk, Sstr1, Vip), neurotransmitter signaling (Htr2c, Chrna3, Chrm4, Grm8, Hrh3, Slc17a6), and potassium channels (Kcnk9, Kcnj9, Kcnma1, Kcnc2). Several transcription factors (Rxra, Thrb), solute carriers and defense molecules (Apitd1, Bcl2, C1ql3, Ilr3a, Sod1, Sncb) also underwent downregulation. The findings indicate that surgical gonadectomy carried out at middle-age robustly changes the hippocampal transcriptome that alters neurogenesis, synaptic plasticity, immune modulation, causing cognitive dysfunctions. Abbreviations: Adcyap1, adenylate cyclase activating polypeptide 1; Apitd1, Apitd1, apoptosis-inducing TAF9-like domain 1; Bcl2, B cell leukemia/lymphoma 2; C1ql3, C1q-like 3; C3, complement 3; Cartpt, cocaine-and amphetamine-regulated transcript; Cbln2, cerebellin 2 precursor; Cck, cholecystokinin; Cckbr, cholecystokinin B receptor; Ccl2, C-C motif chemokine ligand 2; Chrm4, cholinergic receptor muscarinic 4; Chrna3, cholinergic receptor nicotinic alpha 3; Crhr1, corticotropin releasing hormone receptor 1; Ct, cycle threshold; Esr1, estrogen receptor 1; FC, fold change; Fgf1, fibroblast growth factor 1; GABAergic, g-aminobutyric acid-ergic; Gls, glutaminase; Gria4, glutamate receptor ionotropic AMPA 4; Grm1, glutamate receptor metabotropic 1; Hif1a, hypoxia inducible factor 1 alpha; Hrh3, histamine receptor H3; HRT, hormone replacement therapy; Igf2, insulin-like growth factor 2; Il1b, interleukin-1 beta; Itgam, integrin alpa M; Kcnc2, potassium voltage-gated channel subfamily C 2; Kcnj6, potassium inwardly-rectifying channel J 6; Kcnk9, potassium two pore domain channel K 9; Kcnma1, potassium camcium-activated channel M alpha
T he ovarian hormone supply is crucial for development of the brain and maintenance of its diverse functions (1) (2) (3) . The proper physiological performance of the ovary is guaranteed and regulated by the hypothalamo-pituitary neuroendocrine unit (4) . Aging results in a decrease in the production of ovarian hormones, including the gonadal sex steroids estradiol and progesterone (5, 6) . During menopause, the ovarian hormone supply to the brain, including the hippocampal formation, gradually weakens, causing impairments in learning ability, memory processing and spatial navigation (7, 8) . These events negatively influence quality of life in menopause; therefore, various strategies of hormone replacement therapy (HRT) have been introduced (9, 10) . Current efforts are aimed at HRTs with low health risk consequence and high effectiveness (11) (12) (13) . The timing of HRT has been found crucial (14, 15) to keep the brain's responsiveness to ovarian hormones and prevent structural disintegration of the neural tissue. In experimental neuroscience, middle-aged, ovariectomized animals have been widely used as models of menopause including primates (16, 17) and rodents (18) (19) (20) (21) (22) (23) . The beneficial role of HRT has been shown in counterbalancing hippocampus-related dysfunctions. These studies indicate that declining ovarian hormone signaling to the hippocampal formation promotes neuroinflammation (24) , disturbs synaptic signaling and plasticity (25) (26) (27) (28) (29) , alters neurogenesis (26, 30, 31) , and decreases the efficacy of cellular neuroprotective mechanisms (32) (33) (34) .
Although many HRT studies used the ovariectomized animal model, the impact of surgical, long-term ovariectomy (OVX) per se upon the hippocampal transcriptome and functions has not been fully elucidated yet. We hypothesized that ablation of ovarian hormones by gonadectomy in middle-aged, female rats results in malfunction of the related hormone receptors leading to modification of gene expression and altered functions. Therefore, in this study, the hippocampal transcriptomes of intact control and long-term ovariectomized, middle-aged rats were compared using microarray and quantitative real-time polymerase chain reaction (PCR). The predicted networking of proteins encoded by OVX-regulated genes was also analyzed. We identified clusters of differentiallyregulated genes, indicating that gonadal hormone ablation might alter essential hippocampal functions.
Material and Methods

Experimental animals
All experiments were performed with permission from the Animal Welfare Committee of the Institute of Experimental Medicine (Permission Number: A5769-01) and in accordance with regulations of the European Community (Decree 86/609/EEC). Female Harlan-Wistar rats were purchased from Toxicoop (Budapest, Hungary) and housed on a 12-hour light/12-hour dark cycle in the animal care facility of the Institute of Experimental Medicine. The rats were used as breeders and retired at their age of 8 months, then housed individually for the subsequent months. At their age of 13 months, 14 animals were deeply anesthetized and sham operated or ovariectomized bilaterally (18, 35) . Two experimental animal groups were formed: intact control group (n = 6) and ovariectomized group (n = 8). Both groups were kept on phytoestrogen-free diet (Harlan Teklad Global Diets, Madison, WI). Intact middle-aged female rats show the initial signs of reproductive aging manifested in persistent vaginal cornification, tonic estrogen secretion, and low plasma levels of progesterone (36) . Accordingly, our middle-aged intact females had low serum E2 level (12 pg/mL). In contrast, ovariectomized middle-aged animals had only residual serum E2 (2 pg/mL), significantly decreased uterus weight, and significantly increased body weight, indicating progressing reproductive senescence and clear signs of menopause. Five weeks after the surgical intervention all animals were terminated, the brains were quickly removed from the skull and placed into an ice-cold rat brain matrix. A 3-mm-thick coronal slice was dissected with 2 blades positioned at bregma levels -3.8 and -6.8. Between these levels the targeted part of the hippocampal formation was easily separable from the neighboring brain areas (the thalamus and the corpus callosum), it was lifted from the slice and processed for transcriptome analysis.
Affymetrix Rat Genome 230 PM Strip arrays
Hippocampal formations from 14 animals were prepared and total RNA was isolated and analyzed as described previously (24) . RNA quality was measured and samples displayed high RNA integrity numbers (.8.2) on Agilent's Bioanalyzer Nano RNA chips (Santa Clara, CA). Four samples from each group were individually examined by oligonucleotide microarray including amplification, target labeling, hybridization, staining, and scanning steps, which were carried out as described earlier (26) . In brief, using 25 ng of total RNA whole transcriptome amplification library preparation and amplification for 17 cycles were performed following distributor's (Sigma-Aldrich, St. Louis, MO) recommendations. cDNA (8 mg) was fragmented by DNase I and biotinylated by terminal transferase obtained from the GeneChip Mapping 250K Nsp Assay Kit (Affymetrix Inc., Santa Clara, CA). Hybridization, washing, staining, and scanning of Affymetrix Rat Genome 230 PM Strip arrays were performed following the manufacturer's recommendations. Scanned images (DAT files) were transformed into intensities (CEL files) using the AGCC software (Affymetrix).
Quantitative real-time PCR
Custom TaqMan microfluidic cards (Applied Biosystems, Foster City, CA) were designed to study messenger RNA (mRNA) expression by real-time PCR. Fourteen samples were examined. Reverse transcription and PCR were carried out by using Applied Biosystems' High-Capacity Complementary DNA Reverse Transcription Kit and TaqMan Universal PCR Master Mix II, respectively. PCR data evaluation were performed as described previously (24) . The ViiA7 RUO 1.2.1 (Applied Biosystems) software and relative quantification against calibrator samples (DDCt) were used for data evaluation. Intact control was the calibrator sample. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and hypoxanthine guanine phosphoribosyl-transferase (Hprt) were used as housekeeping genes. Expression of these genes did not vary among experimental groups. A computed internal control corresponding to the geometric mean of cycle threshold .
Data analysis
Microarray data analysis, including GC robust multiarray average, statistical and data mining work, were carried out as published earlier (25, 26) . In brief, raw data were preprocessed for analysis using GC robust multiarray average. For selection of differentially expressed genes, fold change (FC) values were used and linear models combined with empirical Bayesian methods were applied. Obtained P values were adjusted by the false discovery rate-based method. Genes that met the selection criterion of FC . 1.5 were considered OVX-regulated. For statistical analysis of real-time PCR results, we used 1-way analysis of variance. Pathway analysis was constructed by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg). Putative protein-protein interactions were evaluated by the web-based STRING 10 platform (http://string-db.org), as reported previously (25) .
Results
Modification of hippocampal transcriptome in response to long-term OVX
Microarray study
The comparison of hippocampal transcriptomes from middle-aged intact and middle-aged OVX rats revealed that chronic ablation of gonadal hormones by surgical OVX results in differential expression of genes. At FC . 1.5 criterion, more than 200 genes were differentially regulated. Downregulated genes (145) outnumbered upregulated (107) genes. The full list of genes is shown in Supplemental Table 1 , providing the probe set ID, gene symbol and name, corresponding FC and adjusted P values. Top upand downregulated genes selected at FC . 1.7 are listed in Table 1 . Top upregulated genes encode peptides like cocaine-and amphetamine-regulated transcript (Cartpt) and transthyretin (Ttr), peptidases (Sppl2a, Usp25, Prcp), adhesion proteins (Vcl, Pcdh20), proteo-and glucosaminoglycans (Spock3, Fndc3a), ion channel (Trpm7), signaling molecule (Ptpn3), and transcription factors (Hif1a, Klf3) among others. In the top downregulated category, differentially regulated genes encode potassium channels (Kcnma1, Kcnj9, Kcnk9), serotonin receptor (Htr2c), neuropeptide (Adcyap1), members of G-protein coupled signaling mechanisms (Gpr123, Rgs17 and Rgs4), retinoid acid signaling molecule (Crabp1), components of growth factor signaling (Igfbp4, Nov), members of solute carrier family (Slc39a7, Slc17a6) and transcription factor (Etv1).
Quantitative real-time PCR study
In this study, the putative differential expression of 62 genes was examined by TaqMan-based PCR. Target selection was aimed at validation of the microarray result and also getting further insight to basic molecular mechanisms of neuronal networks of the hippocampus affected by OVX with special reference to synaptic plasticity, neurogenesis, and immune modulation. The PCR results are listed in Table 2 and grouped in the aforementioned functional categories. In the clusters of synaptic plasticity and neurogenesis, both up-and downregulated genes were noted; on the other hand, most defense genes were upregulated. Neuropeptide and neurotransmitter signaling mechanisms shape neuronal plasticity of the hippocampal formation, accordingly, a large number of genes encoding various components of these signaling pathways were seen robustly changed by long-term OVX. In case of peptide signaling, Cartpt, Ttr, Cck, Vip, and Penk were involved. Altered expression of genes encoding neuropeptide receptors was revealed for Crh1r and Crh2r, Gnrhr, Cckbr, Sstr1, and Oprd1. Regarding the involvement of classic neurotransmitter signaling mechanisms, differential expression was found in case of cholinergic (Chrm4, Chrna3), glutamatergic (Grm8, Slc17a6), serotonergic (Htr2c), and histaminergic (Hrh3) systems. Neurogenesis in the subgranular layer of the hippocampal formation is highly regulated by growth and troph factors, and this process is mirrored in changes of transcriptional activity. OVX influences both mechanisms with a particular strong impact on growth/troph hormone signaling. To the most important contributors of this cluster belong nerve growth factor (Ngf, Ngfr, Ntf3, Ntrk), insulin-like growth factor (Igf2, Igfbp4), and fibroblast growth factor (Fgf1) signaling systems. Regarding the regulation of transcription, orthodenticle homeobox 2 (Otx2) as classical transcription factor, whereas Esr1, Rxra and Thrb as ligand-activated nuclear transcription factor genes responded to OVX. Alteration in the expression of serum/glucocorticoid regulated kinase 1 (Sgk1) mRNA has extraordinary importance because of its wide-based regulatory potential. The gene cluster affiliated with processes of immune response and defense, covered predominantly upregulated genes like complement 3 (C3), interleukin-1 b (Il1b), toll-like receptors (Tlr3, Tlr4), MHC gene (RT1-A1), C-C chemokine ligand 2 (Ccl2) and allograft inflammatory factor 1 (Aif1) among others.
KEGG pathway analysis of OVX-regulated genes
The top KEGG pathways changing in response to chronic OVX in middle-aged rats were summarized in Table 3 . Neuroactive ligand-receptor interaction (ID: 4080, counts: 15), retrograde endocannabinoid signaling (ID: 4723, counts: 9), transcriptional misregulation in cancer (ID: 5202, counts 10), apoptosis (ID: 4210, counts: 7), and proteoglycans in cancer (ID: 5205, counts 11) pathways appeared at false discovery rate less than 0.005. Estrogen (ID: 4915) and thyroid (ID:4919) hormone signaling pathways also emerged. The influence on cholinergic (ID: 4725), glutamatergic (ID: 4724), press.endocrine.org/journal/endoadrenergic (ID: 4262), and serotonergic (ID: 4726) signaling pathways was also raised.
Predicted networking of hippocampal proteins encoded by OVX-regulated genes
To elucidate the interrelationship of genes, the predicted interaction and networking of proteins encoded by OVXregulated changes were performed using the STRING 10 platform. The analysis was based on microarray and PCR results, carried out at confidence value 0.6. and the noninteracting genes were omitted. The networking of proteins coded by OVX-regulated genes is depicted in Supplemental  Fig. 1 . Clusters of peptides serving neuropeptide and neurotransmitter signaling are explicit, similar to protein assemblies regulating transcription. The OVX-regulated genes were sorted into up-and downregulated clusters (Tables 4  and 5 ) and the STRING analysis was implemented for both groups ( Figs. 1 and 2 ). Thirty-four upregulated, interacting proteins were sorted into 3 functional categories including growth/troph factors/transcription regulation, peptides/ transmitters/ion channels/signaling and immune response/ defense ( Table 4 ). The downregulated group consisted of 47 proteins that were grouped in 4 operative categories: peptides/transmitters/receptors/ion channels/signaling, solute carriers, growth factors/transcription regulation, and immune response/defense (Table 5) .
Discussion
OVX modulates neurotransmission
Modulation of peptidergic signaling
Ablation of the ovaries affected interneurons of the hippocampal formation that responded mainly by downregulation of neuropeptide expression and also some of their genuine receptors. Cholecystokinin (Cck), neurotensin (Nts), vasoactive intestinal peptide (Vip), and preproenkephalin (Penk) are well-established and characterized constituents of certain hippocampal interneurons (37) (38) (39) (40) (41) (42) (43) (44) (45) . Cck exerts excitatory role on CA1 pyramidal neurons (46, 47) via its B type receptor that was also altered after OVX. Vip also increases excitatory transmission to CA1 pyramidal neurons by disinhibition of their dendrites (48) . Nts targets interneurons enhancing g-aminobutyric acid-ergic (GABAergic) activity by modulating L-type calcium channels (49) . OVX influences the opioid peptide signal transduction in the hippocampus, as exemplified by decreased expression genes encoding Penk and its cognate receptor Oprd1. Enkephalins are known to modify the Real-time PCR study revealed transcriptional regulation of 62 genes. Thirty-three of them were upregulated. The OVX-regulated genes were grouped in 3 functional clusters: neurotransmitter and neuropeptide signaling/synaptic plasticity, growth and troph factor signaling/neurogenesis, and immune modulation/defense. activity of hippocampal circuits (50, 51) . Opioid inhibition of GABA release from terminal boutons of interneurons has previously been reported (52) . These changes suggest that OVX modulates interneuron function via downregulation of neuropeptides resulting in declining excitatory transmission in the hippocampus. Adcyap1 (pituitary adenylate cyclase-activating polypeptide) derives from both interneurons and principal neurons of the hippocampal formation. It exerts effects on CA1 pyramidal neurons by inhibiting the slow after-hyperpolarizing current (53) . Increased pituitary adenylate cyclase-activating polypeptide level may also serve neurogenesis (54, 55) and support neuroprotection (56, 57) . Accordingly, decreased Adcyap1 expression can affect the function of principal neurons, neurogenesis and protective mechanisms. Marked downregulation of Adcyap1 cannot be restored by estradiol replacement (26) . Decreased levels of types 1 and 2 CRH receptors indicate alteration in CRH signaling. Activation of these receptors has been reported to reduce the amplitude of hippocampal population spike and prevent the onset of long-term potentiation (LTP) (58) . Downregulation of genes for CRHR subtypes decreases CRH-CRHR signaling and the impact of stress response on LTP. Estradiol replacement significantly increases Crhr2 expression. Regarding the upregulated category, the peptides CART, transthyretin, klotho, and Gnrhr were involved. The increase of CART and klotho seems to be advantageous for the hippocampus because of their renowned procognitive effects (59, 60) . Increase in activation of Gnrhr may result in excitation of pyramidal neurons (61, 62) although data on the expression of its ligand GnRH are controversial (63, 64) . Estradiol replacement (26) and diarylpropionitrile (DPN) administration (25) do not affect Cck, Nts, or Vip but activate Crhr2 and suppress Cart mRNA expression. Representative downregulated genes assembled in 4 functional clusters as peptides/transmitters/receptors/ion channels/signaling, solute carriers, growth factor/transcription regulation and immune response/defense. FC in italics refers to PCR results.
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Disturbances in neurotransmitter signaling
In middle-aged rats, OVX affected transmitter signaling via glutamate, acetylcholine, serotonin, and histamine in the hippocampus, mainly by regulating the expression of their receptors (65) . In case of glutamatergic signaling, Gria4, Grm1, and also Gls were upregulated, whereas Grm8 and Slc17a6 were downregulated. Grm1 and AMPA receptors occur in the hippocampus enriched in association with postsynaptic densities of neuronal elements communicating via synapses (66) (67) (68) (69) . Vesicular glutamate transporter 2 was reported to play a crucial role in the proper development of mature pyramidal neuronal architecture and plasticity, and in the processes of cognition (70) . Striking decrease of Slc17a6 expression affects glutamatergic signaling and cognition in the hippocampus after OVX. The signal transduction by serotonin is influenced via the downregulated Htr2c. Its activation regulates anxiety and release of acetylcholine in the hippocampus (71, 72) . Estradiol replacement and DPN administration restore Htr2c mRNA expression after OVX. Acetylcholine is a potent modulator of hippocampal circuits and has a pivotal role in cognition (73) . Regarding the modulation of fast-synaptic neurotransmission, OVX influenced Chrna3. Its expression in the hippocampus has been reported earlier (74) , and the present data indicate its downregulation. Similar to that, the expression of Chrm4 was also downregulated. Suppression of Chrm4 may affect synaptic transmission via alteration of glutamate release probability. Hippocampus-dependent memory and synaptic plasticity are modulated by the estradiol milieu of the hippocampus (75) (76) (77) (78) . OVX also downregulated the expression of Hrh3. Antagonizing H3 receptor has been shown to increase the release of acetylcholine in the dorsal hippocampus and improve parameters of cognitive disorders (79) . Vesicular monoamine transporter 2 (Vmat2) showed upregulation after OVX, an event that influences the transport of dopamine, epinephrine, norepinephrine, serotonin and histamine from the cytosol into synaptic vesicles of neurons and plays role in their vesicular release of transmitters by exocytosis. Mice mutant for Vmat2 display symptoms of depression (80). press.endocrine.org/journal/endo
Modifications of potassium channels Effect of OVX was overwhelmingly manifested in altered expression of different potassium channels. The regulatory influence of estradiol has previously been described in case of slow Ca 2+ -activated K + current and large-conductance and voltage-and calcium-activated potassium channels (81, 82) . The single upregulated gene was Kcnj6 that codes an ATP-sensitive, inwardly Figure 2 . Predicted interactions among proteins encoded by downregulated genes in long-term ovariectomized, middle-aged rats. The network is based on combined results of microarray and quantitative real-time PCR studies and was constructed by using the STRING 10 Known and Predicted Protein-Protein Interactions program (http://string-db.org/). Analysis was performed at confidence value 0.6 and noninteracting elements were excluded. Selected protein clusters of the network are shown by color frames. The red box marks growth factor signaling, blue identifies immune response, yellow indicates peptide and transmitter signaling, and green marks regulation of transcription.
rectifying K + channel that is regulated by G proteins and closed by the rise of intracellular ATP levels. Downregulated genes included Kcnj9, Kcnk9, Kcnma1, and Kcnc2. These alterations may lead to decreased synthesis of Kcnj9 (G protein-activated inward rectifier potassium channel 3), which regulates resting membrane potential and initiation of action potentials; Kcnk9 (task 3 potassium channel), whose current is highly sensitive to changes in extracellular pH; Kcnma1 (big potassium, large conductance calcium-activated potassium channel); and Kcnc2 (Shaw-related K + channel). Estrogenic regulation of big potassium channels (83) and G-proteingated inwardly rectifying K + (84) channels has previously been reported. The present results indicate that ablation of gonadal hormones in middle-aged rats changes the expression of all 4 functional types of potassium channels in the hippocampus (85) that depending on their cell type and cellular domain specific expression can modulate the excitability of hippocampal neurons. Long-term DPN treatment attenuates the decrease in Kcnma1 expression.
OVX interferes with mechanisms involved in neurogenesis
Influence on growth/troph hormone signaling OVX substantially influenced growth factor signaling within the hippocampus of middle-aged rats by dominantly upregulating the expression certain growth factors and their receptors. In the nerve growth factor family, Ntf3 and Ngf showed enhanced expression after OVX. In addition, 2 neurotrophin receptor genes, Ngfr (coding for p75) and Ntrk1 (coding for TrkA), showed a similar, upregulated state. Neurotrophin signaling (86) has a key importance in neurogenesis and synaptic plasticity of the hippocampus (87) (88) (89) (90) . Two components of IGF signaling mechanisms were altered by OVX, the upregulated Igf2 and the downregulated Igfbp4. Igf2 is a potent regulator of neurogenesis (91) and it also controls memory consolidation and enhancement (92) . The differentially expressed Fgf1 has been shown to support neuroprotective mechanisms (93) and facilitate LTP (94) . Mdk, the retinoic acid-responsive, heparin-binding growth factor gene also showed higher expression after gonadectomy. Mdk was reported to block kainic acid-induced seizure and concomitant cell death (95) . We found slight upregulation of neutrophin and growth factor genes after OVX. In previous studies we demonstrated that estradiol and DPN increase further mRNA expression of many growth factor genes in the hippocampus of ovariectomized rats, which may contribute to the enhanced neurogenesis after replacement (96) .
Impact on transcriptional regulation
Otx2 and hypoxia inducible factor 1-a subunit (Hif1a) were both upregulated by OVX. Otx2 shows altered expression in the hippocampus after tricyclic antidepressant treatment (97) , whereas Hif1a responds to global ischemia (98) . Aryl hydrocarbon receptor nuclear translocator 2 was downregulated. Its encoded protein complexes with Hif1a and the complex regulates oxygen-responsive genes. Members of the nuclear receptor superfamily were also influenced by OVX resulting in upregulation of Esr1 and Nr4a3 (neuron-derived orphan receptor 1). Downregulation characterized the expression of Thrb and Rxra. The changes suggest that ablation of ovarian hormone supply to the hippocampus interferes with estrogen, thyroid hormone and retinoic acid signaling mechanisms that are basic transcriptional regulators of diverse hippocampal functions (28, 99, 100) .
OVX affects defense mechanisms
Modulation of the immune system
We have previously reported the impact of OVX and treatment with ER-a and ER-b specific agonists on the innate immune system of the hippocampal formation in middle aged rats (24) . In accordance with that PCR study, here we confirm the differential expression of macrophage markers (Aif1, RT1-EC2), phagocytic receptors (CD11b, Fcgr3a), recognition receptors (Tlr3, Tlr4), complement system (C3, Cfh) proinflammatory cytokine IL-1-b (Il1b), and an IL3 receptor subunit (Il3ra). These upregulated genes reflect the sensitization of microglia and increased level of complement components leading to an increased proinflammatory stage in the absence of gonadal hormone signaling to the hippocampus. Chronic estradiol and DPN administrations attenuate OVX-dependent upregulation of microglia-related genes (24) . In a recent study, the role NLRP3 inflammasome activation was shown in development of estrogen deficiency-related affective disorders (101) .
Effects on neuroprotective mechanisms
Long-term OVX decreased the expression of genes encoding Bcl-2 (Bcl2) and superoxide dismutase (Sod1). These events are known to lead to increased apoptotic activity and enhanced level of the reactive superoxide radical, O 2- . The neuroprotective role of Bcl-2 and Sod1 in the hippocampal circuits has been widely explored (102) (103) (104) (105) (106) (107) . Decreased synthesis of synuclein-b after OVX may promote a-synuclein accumulation and trigger neurodegeneration (108, 109) . Estradiol replacement (26) and long-term DPN treatment (25) activate transcription of genes involved in protection against oxidative stress and detoxification such as Sod3, Gpx1, Gstm2, Gsta4, but do not increase Bcl2 and Sod1 expression in the hippocampus.
To sum up, the current study demonstrated extensive transcriptional changes in the hippocampus after OVX in middle-aged rats. Ablation of the ovarian hormone press.endocrine.org/journal/endosupply influences the machinery of transcription, growth factor signaling, channels of synaptic communication, immune and neuroprotective mechanisms modulating neurogenesis, synaptic plasticity and immunomodulation. Some but not all changes can be restored by estradiol replacement. Regarding the translational value, the results suggest the careful consideration and risk evaluation of the effects of oophorectomy (and menopause) on basic neuronal operation and cognitive performance of the hippocampus in middle-aged individuals (110) (111) (112) .
